Background and Purpose-There is no effective medical treatment of malignant middle cerebral artery (MCA) infarction.
M alignant middle cerebral artery (MCA) infarction is a large hemispheric infarction with poor outcome attributable to the ischemic edema that causes an early rise in intracranial pressure and subsequent brain herniation and death. 1, 2 No medical therapy has proven effective in preventing brain herniation and improving patient outcome. As an alternative therapy, surgical decompression techniques (large hemicraniectomy with durotomy) have been proposed to relieve the high intracranial pressure, but this strategy remains controversial in the absence of randomized, controlled trials and the fear of severe and "unacceptable" residual disability. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] This controversy in the medical literature was also apparent in the national survey that we performed in 47 French Neurology Departments in 2000, showing that only 2 centers were convinced of the efficacy of decompressive craniectomy. The majority of centers (77%) approved the concept of a randomized trial evaluating the benefit of decompressive craniectomy in patients with malignant MCA infarction (K. Vahedi, unpublished data, 2000) . Therefore, we conducted in France a multicenter, randomized, controlled trial that aimed to assess the efficacy of early decompressive craniectomy on functional outcomes in patients Ͻ55 years of age with malignant MCA infarction.
Patients and Methods

Study Design and Patient Eligibility
The DEcompressive Craniectomy In MALignant MCA Infarction (DECIMAL) Trial was a multicenter, prospective, randomized, open (but with blind evaluation of the primary end point) study comparing early decompressive craniectomy plus standard medical therapy versus standard medical therapy alone in patients with malignant MCA infarction. The study protocol was approved by a national ethics committee (CCPPRB Hôpital Saint-Louis, Paris, No. 2001/ 36). The study was conducted in 13 selected stroke centers (including a stroke unit and a neurosurgery department in France) and was funded by the French Ministry of Health and the Assistance Publique-Hôpitaux de Paris (Programme Hospitalier de Recherche Clinique AOM 00148, P001004). The patient or a close relative gave written, informed consent for participation in the trial. The first patient was enrolled in December 2001 and the last patient in November 2005. An independent data safety monitoring committee monitored the safety, progress, and ethics of the trial.
Patients between 18 and 55 years of age were included within 24 hours of a malignant MCA infarction defined by the association of 3 criteria: a National Institutes of Health Stroke Scale score Ն16, including a score Ն1 for item 1a (level of consciousness); brain computed tomography ischemic signs involving Ͼ50% of the MCA territory; and a diffusion-weighted imaging (DWI) infarct volume Ͼ145 cm 3 . Exclusion criteria included preexisting significant disability defined by a modified Rankin Scale (mRS) score Ն2, a significant contralateral infarction, a severe secondary hemorrhagic infarction involving Ͼ50% of the MCA territory, any known coagulopathy (including use of recombinant tissue-type plasminogen activator), life expectancy Ͻ3 years or any serious illness that could confound treatment assessment, pregnancy, and any magnetic resonance imaging (MRI) contraindication.
Eligible patients were randomly assigned to receive standard medical therapy alone or standard medical therapy plus decompressive craniectomy and durotomy. For patients in the surgical group, decompressive craniectomy had to be done no later than 6 hours after randomization and up to 30 hours after the onset of symptoms.
Surgical Procedure
Decompressive surgery consisted of a large hemicraniectomy that removed, ipsilateral to the stroke, a bone flap as large as possible including temporal, frontal, parietal, and some occipital bones. The dura had to be open, and duraplasty was left to the discretion of the neurosurgeon.
Standard Medical Therapy
In both groups of patients, standard medical therapy was based on published guidelines for the early management of patients with ischemic stroke. [13] [14] [15] Non-evidence-based therapeutics such as hypothermia were discouraged. Continuous invasive intracranial pressure monitoring was not recommended. Endotracheal intubation was recommended to maintain adequate tissue oxygenation in patients with severely increased levels of intracranial pressure. It was also recommended to avoid factors that might exacerbate brain edema, including hyperthermia and hyperglycemia, and to keep the head of the bed elevated at 30°to assist venous drainage. Intravenous fluid restriction of 500 mL/d with normal saline was also recommended, but the use of intravenous glucose solutions was discouraged unless necessary. Administration of intravenous mannitol (0.25 to 0.5 g/kg) or furosemide was recommended only in patients whose condition was rapidly worsening because of brain edema, without additional recommendations on loading doses. Intravenous antihypertensive agents were recommended when systolic blood pressure was Ͼ220 mm Hg or diastolic blood pressure was Ͼ120 mm Hg. Prophylactic use of anticonvulsants was at the discretion of each investigating center.
Follow-Up and Assessment of End Points
The primary end point was a "favorable" functional outcome, defined by patient survival with an mRS score Յ3 at 6 months. 16 Secondary end points were survival, a favorable functional outcome defined as an mRS score Յ3 or a Barthel Index Ͼ85 at 12 months, the National Institutes of Stroke Scale, and quality of life assessed by the French version of the Stroke Impact Scale 2.0 (SIS) at 12 months. 17, 18 The SIS consists of 8 domains, 4 physical domains (including strength, hand function, mobility, and activities of daily living/instrumental activities of daily living) and 4 psychosocial domains (including emotion, communication, memory, and social participation), and includes the patient's global assessment of the percentage of recovery on a visual analog scale. The score of each domain ranges from 0 to 100, with 100 being the best.
Patients were assessed at study inclusion; at 7 days; at 4, 8, and 12 weeks; and at 3, 6, 9, and 12 months. At all visits after the 12-week visit, a neurologist blinded to the therapeutic arm assignment of the patient assessed the mRS (primary outcome). To keep the investigator neurologist blinded to therapeutic assignment, the head of each patient (in both groups) was covered with a surgical cap. Adverse events were recorded at each visit. For the surgical group, cranioplasty was not performed before the 6-month visit to avoid interfering with the evaluation of the primary outcome measure, unless the patient had reached the primary end point (mRS score Յ3) at an earlier visit.
Before inclusion into the study, all patients had a brain MRI performed in a head coil, including the following sequences: diffusion (bϭ1000 s/mm 2 ), T2 fluid-attenuated inversion recovery, T2 gradient echo, and 3-dimensional time of flight. All images were acquired in the axial plane with a 6-mm section thickness, no gap, and 20 sections, thus ensuring whole brain coverage. The 3-dimensional time of flight sequence covered the intracranial carotid arteries to the MCAs.
DWI Infarct Volume Evaluation
Patients were enrolled in DECIMAL on the basis of MR DWI that demonstrated an infarct volume of Ͼ145 cm 3 ( Figure 1 ). The infarct volume (DWI volume) was measured on the DWI scans (b valueϭ1000 s/mm 2 ) as previously described. 19 All images in which the infarcted area was displayed as a region of bright signal were first selected. On each of the slices, the area of hypersignal was then delineated with a semiautomatic thresholding method as follows. The cursor was initially positioned on the most hyperintense pixel. The intensity threshold was then progressively enlarged until the total selected area matched the hyperintense area that would have been manually contoured. Whenever Ͼ1 lesion was present, each additional lesion was contoured with the same method. Hemorrhagic transformation, displayed as areas of low signal inside the infarcted area, was added to the surface of measure. Then, the surface of each area was added, and DWI volume was obtained by multiplying the total surface by the slice thickness (slice thicknessϭ6 mm, intersection gapϭ0).
Each center, before inclusion of its first patient, had to send to the MRI validation committee a measurement sample of a large MCA infarction for validation. After each randomization, the inclusion MR DWI image was centrally reevaluated for measurement of DWI infarct volume by a neuroradiologist (J.-P.G.) who was unaware of the treatment allocation.
Statistical Analysis
Because of ethical considerations (especially the possibility of early termination of the trial in case of a high benefit of craniectomy), we used a sequential design based on a triangular test. 20 Sequential methods are appealing because they allow early study termination in case of either treatment efficacy or lack of efficacy. With these methods, type I and type II errors are correctly maintained to their desired values despite the multiple analyses occurring during the trial. The triangular test used here was based on a comparison of statistics calculated at each analysis and threshold values that can be considered as boundaries limits. This approach can be considered in a graphical manner. In brief, a sequential plan defined by 2 perpendicular axes is considered. The horizontal axis corresponds to a first statistic V, which represents the quantity of information accumulated since the beginning of the trial (Fisher's information for the parameter of interest). The vertical axis corresponds to a second statistic Z, which represents the benefit compared with the null hypothesis. Two straight lines, the boundaries of the test, delineate a continuation region (situated between these lines) from the region of nonrejection of the null hypothesis (situated beneath the bottom line) and of rejection of the null hypothesis (situated above the top line). For both tests, the boundaries are convergent, thus defining a closed continuation region with a triangular shape, giving the name of the test. Both statistics Z and V are computed under the null hypothesis. They are calculated after each group of patients has been evaluated. The trial is continued as long as the sample path remains in the continuation region. A conclusion is reached as soon as the sample path crosses 1 of the boundaries of the test.
On the basis of data from previous open studies of decompressive craniectomy in malignant MCA infarction and under the assumption that the percentage of patients with an mRS score Յ3 would be close to 10% in the medical therapy only group and close to 40% in the surgical group, we anticipated a median sample size of 30 patients per group for 90% power and a 5% 2-sided significance level (calculated with Planning and Evaluation of Sequential Trial Software, University of Reading, Reading, UK). All statistical analyses were done on an intention-to-treat basis.
Patients were centrally randomized in blocks of 4 according to a preestablished randomization list. There was no predefined stratification per center. Each sequential procedure and set of termination rules were based on evaluation of the primary end point of the study (ie, percentage of patients with no moderately severe or severe residual disability [mRS Յ3] at 6 months). Interim analyses were carried out after every 4 patients were randomized. The final analysis was performed after the data safety monitoring committee decision after 38 patients had been enrolled. Monitoring and analysis of the trial were performed with PEST 3 software (PEST4 operating manual, MPS Research Unit, Reading University, Reading, UK; 1996) . No interim analysis was planned for the secondary criteria that were analyzed at the end of the trial.
The frequency of qualitative parameters or categories of mRS scores were compared between the 2 groups by an exact probability test. Comparison of outcomes according to nondichotomized scores on the mRS was made with the Mann-Whitney test. Correlations were done only for exploratory purposes with Spearman's nonparametric correlation coefficient. Only descriptive analyses were provided for baseline characteristics and for exploratory subgroup analyses. For DWI infarct volumes, interrater reliability between the local investigators and the validation committee was tested with an intraclass correlation coefficient. All tests were 2-sided with a 5% significance level. This trial has been registered at www.clinicaltrials. gov; No. NCT00190203.
Results
Characteristics of the Patients
Thirty-eight patients from 7 stroke centers had been enrolled in the DECIMAL trial when it was prematurely stopped on recommendation from the data safety monitoring committee. On the basis of interim data, the data safety monitoring committee recommended first, to stop the trial, mainly because of slow recruitment and a high difference in mortality between the 2 groups, and second, to organize a pooled analysis of the individual data from DECIMAL and the 2 other ongoing European randomized trials of decompressive craniectomy in malignant MCA infarction (DESTINY and HAMLET). 21 Of the 38 enrolled patients, 18 were assigned to receive standard medical therapy only and 20 were assigned to have decompressive craniectomy in addition to standard medical therapy ( Figure 2 ). All patients assigned to the surgical group underwent decompressive craniectomy with a mean delay of 20.5Ϯ8.3 hours (range, 7 to 43 hours) after the onset of symptoms (Figure 3) . Duraplasty was performed in 11 of 20 patients. No patient assigned to the no-surgery group underwent decompressive surgery at any time during follow-up. Illustrative method of DWI infarct volume measurement in the DECIMAL trial. Infarct volume was measured on the DWI images (A). For each slice, the area of hypersignal was delineated with a semiautomatic thresholding method. Contrast was forced for better demarcation of the area of hypersignal (B). The area was compared with the apparent diffusion coefficient map to confirm the result (C). When a zone of hemorrhagic transformation was present, it was added to the entire surface (D and E). In the same way, when some noncontiguous zones were present, each area was measured and then added to the final volume.
Baseline characteristics of the patients are listed in Table 1 . Before inclusion into the study, all patients had their DWI infarct volumes calculated by the local neuroradiologist. All measurements except 1 were validated by the central validation committee to be Ͼ145 cm 3 . Interrater reliability between the local neuroradiologist and the central validation committee was excellent, with an intraclass correlation coefficient of 0.94. Enrolled patients had 3 . A large right hemicraniectomy including temporal, frontal, parietal, and occipital bone ipsilateral to the stroke was performed (B). At 1-year follow-up, 6 months after reconstruction of the large bone defect, her mRS score was 3, and fluid-attenuated inversion recovery imaging revealed right hemisphere atrophy (C).
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Clinical Outcomes
The trial did not reach a stopping boundary for the primary outcome measure (mRS Յ3 at 6-month follow-up) after the 10th interim analysis. The proportion of patients with an mRS score Յ3 at the 6-month follow-up was 25% in the surgery group and 5.6% in the no-surgery group (Pϭ0.18; Figure 4 ). At the 1-year follow-up, 10 of 20 patients (50%) in the surgery group had an mRS score Յ3, whereas 4 of 18 (22.2%) in the no-surgery group had an mRS score Յ3 (Pϭ0.10). A comparison of outcomes according to nondichotomized scores on the mRS differed significantly between the 2 groups at 6 and 12 months' follow-up in favor of craniectomy (Pϭ0.011 and Pϭ0.0024, respectively). The number of patients surviving with no severe disability (mRS score Յ4) also differed significantly between the 2 groups at 6 (Pϭ0.0011) and 12 months' follow-up: 15 of 20 patients (75%) in the surgery group had an mRS score Յ4 at the 1-year follow-up compared with 4 of 18 patients (22.2%) in the no-surgery group (Pϭ0.0029). There was a dramatic life-saving effect of surgery with a highly significant absolute reduction of 52.8% in the death rate in the surgery group compared with the no-surgery group (PϽ0.0001; Figure 5 ). Only 4 of 18 patients (22.2%) in the no-surgery group survived ( Figure 6 ). All deaths occurred during the first 4 weeks of follow-up and were mainly attributable to temporal brain herniation and brain death secondary to the ischemic edema (Table 2 and Figure 7 ). Only 1 patient in the surgery group died of another cause, an acute myocardial infarction at the 2-week follow-up. The mean interval between stroke onset and death was 3.1Ϯ1.9 days in the no-surgery group and 9.2Ϯ4.4 days in the surgery group. Other major but nonfatal adverse events were inhalation pneumonia, venous thromboembolic complications, and seizures (Table 2) . During the 1-week follow-up, 14 of 19 survivors in the surgery group were still being ventilated (Table 3 ). In the no-surgery group, 1 of 6 survivors was still being ventilated, but this patient subsequently died of brain herniation. At the 4-week follow-up, no patients in either group were still in the intensive care unit. Medical treatment characteristics in both groups are detailed in Table 4 .
At the 1-year follow-up, 33.3% (5 of 15 patients) in the surgery group and 50% (2 of 4 patients) in the no-surgery group had a Barthel Index Ͼ85 (Pϭ0.6). There was no difference between the 2 groups in terms of mean National Institutes of Health Stroke Scale scores at the 1-year follow up (10.3Ϯ4 in the surgery group and 10.3Ϯ5.2 in the no-surgery group). Ten surviving craniectomy patients and 2 surviving medically treated patients underwent a quality of life evaluation with the SIS 1 year after treatment (Table 5 ). SIS measurement was not possible because of aphasia in 6 surviving patients and refusal in 1. All 10 craniectomy patients acknowledged that "life is worth living" ("all of the time" in 4, "most of the time" in 4, and "some of the time" in 2). The 2 medically treated patients also felt that "life is worth living" ("all of the time" in 1 and "some of the time" in the other). At the end of follow-up, 10 of 15 (67%) survivors in the surgery group and 2 of 4 (50%) survivors in the no-surgery group were at home (Table 3) .
Subgroup Analysis
Three predefined subgroup analyses were performed. In the no-surgery group, DWI infarct volume at inclusion was positively correlated with outcome as measured by the mRS (0 to 6) at 6 months' follow-up (Spearman correlation coefficient Rϭ0.52, Pϭ0.03; Figure 8 ). In the surgery group, there was a trend, though not significant, toward a worse outcome in patients with higher infarct volumes at inclusion (Spearman correlation coefficient Rϭ0.38, Pϭ0.09).
In the surgery group, younger age was correlated with favorable outcome as measured by the mRS at 6 months' follow-up (Spearman correlation coefficient Rϭ0.64, Pϭ0.0018; Figure 8 ). In the no-surgery group, there was no correlation between age and outcome. There was no significant difference in outcome as evaluated by the distribution of mRS scores after 1 year of follow-up between all living patients with dominant (10 patients) and nondominant (9 patients) hemisphere infarction. 
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Discussion
This prospective, randomized, controlled trial showed in young patients Ͻ55 years of age with malignant MCA infarction selected on the basis of a DWI infarct volume Ն145 cm 3 , first, great benefit from early decompressive hemicraniectomy on survival and second, better functional outcome as defined by the mRS score distribution at 6 and 12 months of follow-up after craniectomy. As expected from the results of open studies of decompressive hemicraniectomy in malignant MCA infarction, the DECIMAL trial showed an impressive life-saving effect of craniectomy. Among the 38 patients randomized, the absolute death rate was significantly decreased by more than half in the surgical group compared with that in the medical group. Although mortality was not the primary end point of the trial, if recruitment had been prolonged, the impressive efficacy of surgery on survival would probably have created a major source of bias in the recruitment of subsequent eligible patients because of ethical disagreements among investigators.
The major aim of our study was to evaluate the effect of hemicraniectomy on functional outcome. This is why we based the primary outcome on the mRS. After long discussions about what might be an "acceptable" disability, we choose to dichotomize the results at an mRS score Յ3. For this primary outcome, although the number of 
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patients was increased by nearly 5 times after decompressive craniectomy compared with medical therapy only, the difference was not statistically significant because of the lack of sufficient statistical power at the time of early termination of the trial. Had an mRS score Յ4 been chosen as the primary end point, the present trial would have been stopped at the eighth interim analysis. Additionally, in the craniectomy group, there was no patient who sustained severe disability (mRS score of 5), and 67% of survivors were at home 1 year after treatment. It is notable that in this trial, no patient had an mRS score of 4 or 5 at the 1-year follow-up in the medical group. This means that because of the extremely important effect of hemicraniectomy on survival, more patients will survive after surgery with a moderately severe disability (mRS score of 4). The clinical features of survivors with an mRS score of 4 at the 1-year follow-up are detailed in Table 6 . It is likely that more time will be needed to evaluate the quality of life of these patients and the neuropsychological impact of surviving to a severe stroke. The patients in our trial received evidence-based medical therapy. They were all managed by a stroke team in a stroke or an intensive care unit. Other than brain edema, the incidence of serious or major adverse events was high, as expected, because of stroke severity leading to a high risk of inhalation pneumonia and thromboembolic complications. No patient in either group needed Ͼ4 weeks of hospitalization in an intensive care unit. However, we excluded from this trial patients with severe associated comorbidities who are at much greater risk of general complications after a severe stroke and who would probably have needed prolonged intensive care unit management and might have had worse outcomes. It is notable that seizures were particularly frequent in both groups of patients (nearly 50% of all patients had at least 1 seizure), but these occurred mainly after the first 4 weeks of follow-up and needed long-term anticonvulsant therapy (data not shown).
Predefined subgroup analysis showed that young age was significantly correlated with better outcome in the craniectomy group but not in the no-surgery group, in which the main prognostic factor of survival was baseline DWI infarct volume. No patient with an infarct volume Ͼ210 cm 3 survived without craniectomy. For DWI infarct volumes between 145 and 210 cm 3 , there was still a high death rate attributable to brain herniation in the absence of surgery. On the contrary, among the 8 patients screened but not randomized because of a DWI infarct volume Ͻ145 cm 3 , none died (data not shown). These data indicate that the cut-off value of 145 cm 3 for DWI early infarct Figure 8 . The Spearman correlation test showed a significant correlation between age and outcome (according to the mRS score distribution at the 6-month follow-up) in the surgery group (Rϭ0.64, Pϭ0.0018; top left). There was no such correlation between age and outcome in the no-surgery group (Rϭ0.1, Pϭ0.69; bottom left). The Spearman correlation test showed a significant correlation between DWI infarct volume at inclusion and outcome according to the mRS score distribution at the 6-month follow-up in the no-surgery group (Rϭ0.52, Pϭ0.03; bottom right) but not in the surgery group, although there was a trend toward better outcome with lower infarct volume in this group of patients (Rϭ0.38, Pϭ0.09; top right). 
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Decompressive Craniectomy in Malignant MCA Infarctionvolume that has been previously suggested as predictive of malignant ischemic edema is valid and should be used for the selection of patients in whom early surgery is warranted. 19 In addition, there was an excellent correlation between the DWI infarct volumes calculated by the investigator neuroradiologists and the validation committee, indicating the good reproducibility of this measure, which can be done even on an emergency basis. In the craniectomy group, there was also a trend toward better functional outcome with lower DWI infarct volume. Further studies are needed to confirm this correlation between infarct volume and residual disability after craniectomy.
In conclusion, in young (Յ55 years) patients with malignant MCA infarction selected on the basis of a DWI infarct volume Ͼ145 cm 3 , early decompressive craniectomy first, had a great benefit on survival and second, led to a better functional outcome as defined by the mRS score distribution at 6 and 12 months' follow-up. Furthermore, none of the patients in the surgery group remained bedridden or had severe residual disability. Younger patients had a significantly better outcome after surgery, but none had a complete recovery (mRS Յ1). Thus, in patients similar to those included in the DECIMAL trial, early decompressive craniectomy should be considered and fully discussed with the patient and close relatives. These data were confirmed in the recently published pooled analysis of individual data from DECIMAL, DESTINY, and HAMLET trials. 21 Appendix: The DECIMAL Investigators
